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We study the model space generated by the time-dependent operator coefficients in the effective
field theory of the cosmological background evolution and perturbations of modified gravity and dark
energy models. We identify three classes of modified gravity models that reduce to Newtonian gravity
on the small scales of linear theory. These general classes contain enough freedom to simultaneously
admit a matching of the concordance model background expansion history. In particular, there
exists a large model space that mimics the concordance model on all linear quasistatic subhorizon
scales as well as in the background evolution. Such models also exist when restricting the theory
space to operators introduced in Horndeski scalar-tensor gravity. We emphasize that whereas the
partially shielded scenarios might be of interest to study in connection with tensions between large
and small scale data, with conventional cosmological probes, the ability to distinguish the fully
shielded scenarios from the concordance model on near-horizon scales will remain limited by cosmic
variance. Novel tests of the large-scale structure remedying this deficiency and accounting for the
full covariant nature of the alternative gravitational theories, however, might yield further insights
on gravity in this regime.
Introduction.— Identifying the nature of the late-time
accelerated expansion of our Universe constitutes one of
the greatest puzzles of modern science. Instead of a cos-
mological constant, cosmic acceleration may be driven
by a modification of gravity or the contribution of a
dark energy. A large number of such alternative mod-
els have been proposed, and it is, therefore, of great
interest to develop a formalism within which they can
systematically be explored while providing a consistent
description of their cosmological implications. The past
few years have witnessed extensive efforts in the develop-
ment of such generalized frameworks. The effective field
theory (EFT) of cosmic acceleration [1–3] is one such
approach and provides a generalized formalism for com-
puting the evolution of the spatially homogeneous and
isotropic background of our Universe and the perturba-
tions around it for general modified gravity and dark
energy scenarios. EFT and similar frameworks, how-
ever, allow a plethora of imaginative theories of grav-
ity and dark energy, and hence, it becomes of substan-
tial importance to determine what information has to be
extracted from the Universe to be able to exclude al-
ternatives to the concordance model Λ cold dark mat-
ter (ΛCDM). Naturally, this problem is addressed by
characterizing observations by the different scales they
probe. The small-scale structure provides the strongest
constraints on departures from general relativity (GR)
and viable modifications of gravity demand a mechanism
that shields the large-scale modifications in this regime.
There has been intensive research regarding this require-
ment in recent years and shielding mechanisms, such as
the Vainshtein [4], chameleon [5] and symmetron [6], or
k-mouflage [7] effects are well known to hide these devi-
ations in the small-scale structure through nonlinear in-
teractions. In this Letter, we follow a different approach
and consider the cancellation of gravitational modifica-
tions in the linear sector. We then propose a classifica-
tion of the theory space provided by the EFT framework
by characterizing theories by their deviations from the
concordance model in the linear quasistatic subhorizon
perturbations and according to their potential to recover
ΛCDM phenomenology on different scales. We identify
three classes of models that reduce to GR on small linear
scales while effectively modifying gravity on large scales.
In general, these also admit a matching of the ΛCDM ex-
pansion history. In particular, we find that there exists a
large model space that recovers ΛCDM phenomenology
on all linear quasistatic subhorizon scales as well as in the
background. We discuss applications to Horndeski the-
ory and highlight a few of the observational consequences
that these models implicate.
Effective Field Theory.— We consider the action [3]
S =
1
2κ2
∫
d4x
√−g
[
Ω(t)R − 2Λ(t)− Γ(t)δg00
+M42 (t)(δg
00)2 − M¯31 (t)δg00δKµµ − M¯22 (t)(δKµµ)2
−M¯23 (t)δKµνδKνµ + Mˆ2(t)δg00δR(3)
+m22(t)(g
µν + nµnν)∂µg
00∂νg
00
]
+ Sm [ψm; gµν ](1)
with κ2 ≡ 8πG and bare gravitational constant G, where
we have set the speed of light in vacuum to unity and use
a slightly different notation compared to Ref. [3]. Eq. (1)
describes the cosmological background and perturbations
of a generalized theory of gravity with a single scalar field
and with the matter sector obeying the weak equivalence
principle. It is written in unitary gauge, i.e., where the
time coordinate is chosen in order to absorb the scalar
field perturbation in the metric gµν . Here, R is the Ricci
scalar, Kµν is the extrinsic curvature tensor, R
(3) is the
Ricci scalar of the spatial metric, and nµ is the normal to
surfaces of constant time. Perturbations, denoted by δ,
are obtained from subtraction of the cosmological back-
2ground. As we restrict field equations to linear theory,
only quadratic terms are considered in Eq. (1). Fur-
thermore, we only consider the leading order terms in
mass and neglect terms that introduce higher-order time
derivatives in the Euler-Lagrange equations.
For the following discussion, we define the space
of operators with the associated coefficients P ≡{
Ω,Λ,Γ,M2, M¯1, M¯2, M¯3, Mˆ ,m2
}
, characterizing the ef-
fective time-dependent degrees of freedom of the modi-
fied gravity and dark energy models described by Eq. (1).
ΛCDM is represented by Ω = 1 and a constant Λ with
all other operators vanishing. In quintessence models,
we have a minimal coupling Ω = 1 with Λ and Γ playing
the role of the scalar field potential and kinetic term. A
nonzero M2 is introduced in k-essence [8]. Galileon [9]
and kinetic braiding [10] models introduce an additional
nonzero M¯1. In Horndeski [11, 12] theory, all operators,
except for m2, are used. A nonzero m2 is introduced in
Lorentz covariance violating Horˇava-Lifshitz [13] grav-
ity. We refer to Refs. [2, 3] for more details on the
mapping of modified gravity theories to P . In addi-
tion to the elements in P , we also assume a statistically
spatially homogeneous and isotropic metric for our Uni-
verse, which introduces another free function of time in
the form of the scale factor a(t) or the Hubble parame-
ter H(t) ≡ a˙/a, where dots denote derivatives with re-
spect to physical time t here and throughout this Letter.
Hence, we define the total function spaceQ ≡ P∪{H(t)}
with dim(Q) = 10. Additionally, the metric also intro-
duces a free constant with the spatial curvature k0. In
Sm, we consider a matter-only universe with pressureless
dust P¯m = 0 and matter density ρ¯m = ρ¯m0a
−3, which
adds another free constant to the model space.
Following Refs. [2, 3], the background evolution equa-
tions associated with the action Eq. (1) become
H2 +
k0
a2
+H
Ω˙
Ω
=
κ2ρ¯m + Λ+ Γ
3Ω
, (2)
3H2 + 2H˙ +
k0
a2
+
Ω¨
Ω
+ 2H
Ω˙
Ω
=
Λ− κ2P¯m
Ω
. (3)
These equations fix two elements in Q such that our base
EFT model consists of eight free functions of time and
two free constants. In the remainder of this Letter, we
will assume the spatial curvature and present matter den-
sity to be specified.
Next, we consider the linear cosmological perturba-
tions in the quasistatic subhorizon limit, i.e., where we
neglect time derivatives of the fields and have k/a≫ H ,
respectively. We will also refer to this regime as the New-
tonian limit of the models. The perturbed modified Ein-
stein equations in EFT have been derived in Ref. [2, 3]
and shall not be given here again. The modifications in-
troduced in these perturbations can be described by two
time and scale dependent effective quantities that modify
the Poisson equation and introduce a gravitational slip
µ(a, k) ≡ − 2k
2Ψ
κ2ρ¯ma2∆
=
g1
k2
a2
+ g2 + g3
a2
k2
g4
k2
a2
+ g5 + g6
a2
k2
, (4)
γ(a, k) ≡ −Φ
Ψ
=
g7
k2
a2
+ g8 + g9
a2
k2
g1
k2
a2
+ g2 + g3
a2
k2
, (5)
respectively, where Ψ = δg00/2g00 and Φ = δgii/2gii.
The time-dependent functions {gi(a)|i = 1, 2, . . . , 9} are
determined by the elements in Q and can be related to
them using, in Ref. [3], Eqs. (4.15) and (4.18) and Ta-
ble 3, where we describe the gravitational slip through
γ = (̟ + 1)−1 (cf. Ref. [14]). GR, really referring to its
Newtonian limit, is recovered when µ(a, k) = γ(a, k) = 1.
It is important to note that all functions in Q, except for
M2, appear in the background evolution and quasistatic
subhorizon linear perturbation equations. Hence,M2 will
always remain unconstrained in the models discussed in
the following and only appears when dealing with the full
spatially covariant nature of Eq. (1).
Linearly shielded models.— We now identify the three
classes of models in which, in the formal limit of k →∞,
µ(a, k) and γ(a, k) become unity, and thus recover GR.
MI: If g1, g4, and g7 are nonzero, GR can be restored in
the high-k limit by requiring that g1/g4 = g7/g1 =
1. Note that with the dependence of gi on the EFT
functions, this also implies that g3/g6 = g9/g3 = 1.
MII: In the case that g1 = g4 = g7 = 0, we must require
g2/g5 = g8/g2 = 1 to recover GR on small scales,
defining a second class of linearly shielded modified
gravity models.
MIII: Finally, we have all models in which µ(a, k) =
γ(a, k) = 1 on all quasistatic subhorizon scales.
To classify the model space ofMI−III, we formulate eight
conditions α1−8 on the operator coefficients in Q:
α1 : m
2
2 =
1
2
(Ω− 1), (6)
α2 : Mˆ = 0, (7)
α3 : M¯
2
3 = −M¯22 , (8)
α4 : M¯
3
1 = Ω˙−H(M¯23 + 3M¯22 ), (9)
α5 : M¯
3
1 = −Ω˙ + 2HM¯23 , (10)
α6 : ∂tM¯
2
3 = Ω˙−HM¯23
+Mˆ2
Ω˙ + M¯31 − 2H(M¯23 + 2Mˆ2)
Ω− 1− 2m22 + 2Mˆ2
, (11)
α7 : Γ = ∂tM¯
3
1 − 4H∂tMˆ2 +HM¯31 − 4H˙M¯23
+
2k0
a2
M¯23 − 4H˙Mˆ2 − 4H2Mˆ2
−(4∂tMˆ2 + Ω˙− M¯31 + 2HM¯23 + 8HMˆ2)
× Ω˙ + M¯
3
1 − 2H(M¯23 + 2Mˆ2)
2(Ω− 1− 2m22 + 2Mˆ2)
, (12)
3α8 : M¯
3
1 =
1
6(H¨ + 3HH˙)
{[
−Ω˙R˙(0)
−6H˙(−Γ + ∂tM¯31 + 3H˙M¯22 + H˙M¯23 )
]
+24
k0
a2
[H∂tMˆ
2 + (H˙ +H2)Mˆ2]
}
. (13)
Here, R(0) denotes the background Ricci scalar. The
combination of α1 and α2 sets g1/g4 = g7/g1 = g3/g6 =
g9/g3 = 1 and α3 sets g1 = g4 = g7 = 0. Furthermore,
α8 sets g3 = g6 = g9 = 0. Supplementing these condi-
tions with combinations of α5−7 sets g2/g5 = g8/g2 = 1.
Note that we do not need to formulate a condition for
g2 = g5 = g8 = 0, in which case we must impose α1 and
α2. The corresponding models are part of MIII and are
contained in a smaller number of combinations of α1−8.
To simplify the notation, we define the model spaces that
satisfy these conditions as Ai ≡ {Q|αi}. The model
classesMI−III can then be defined as
MI ≡ (A1 ∩ A2)\A3, (14)
MII ≡ A3 ∩A6 ∩ A7, (15)
MIII ≡ (A1 ∩ A2 ∩A4) ∪ (A1 ∩ A2 ∩ A5 ∩ A6)
∪(A3 ∩ A6 ∩ A7 ∩ A8). (16)
InMI andMII, Q reduces to a six- and five-dimensional
space of free functions, respectively, while for MI, we
require M¯23 6= −M¯22 . An interesting subclass of MII is
MII ∩ A2 with g9/g3 = 1 whereas g3/g6 6= 1 in general.
InMIII, we have A1 ∩A2 ∩A4 with dim(Q) = 5, as well
as A1 ∩ A2 ∩A5 ∩ A6 and MII ∩ A8 with dim(Q) = 4.
Concordance model background.— In addition to re-
covering GR on small scales, we may require that our
models mimic a ΛCDM background expansion history.
The two Friedmann equations, Eqs. (2) and (3), con-
strain two background functions {Ω,Λ,Γ, H}. As long
as the desired combinations of α1−8 leave three of these
functions free, we can set H2 = H2ΛCDM ≡ (κ2ρ¯m0a−3 +
Λ0)/3 − k0/a2, where Λ0 denotes the cosmological con-
stant. Hence, for general MI−III models, we have suffi-
cient freedom in Q to make this choice. In MIII, now
both the Newtonian linear perturbations and the back-
ground expansion history match the ΛCDM phenomenol-
ogy, while we can have up to four free functions in Q.
Horndeski scalar-tensor theory.— Having established
and classified the linearly shielded modified gravity mod-
els in EFT, we now shortly discuss an application of
our results to Horndeski theory. The Horndeski ac-
tion [11, 12] describes the most general local, Lorentz-
covariant, and four-dimensional scalar-tensor theory for
which the Euler-Lagrange equations involve at most
second-order derivatives of the scalar and tensor fields.
This restricts the model space with the three conditions
2Mˆ2 = −M¯23 = M¯22 and m2 = 0 [14, 15], reducing Q
to five free functions of time, where we additionally have
the two free constants from spatial curvature and present
matter density (cf. Ref. [16]). Hereby, α3 is always sat-
isfied, yielding g1 = g4 = g7 = 0 (cf. Ref. [17]) and
implying that there are noMI models in Horndeski the-
ory. Models of the type MII, on the contrary, can be
formulated, for which now dim(Q) = 3, where M2 con-
stitutes one of the free functions. The generalMII class
in Horndeski theory also admits a ΛCDM background.
For (MII ∩ A8) ⊂ MIII with α3 already satisfied by
the Horndeski conditions, we obtain dim(Q) = 2. M2
being free, we can choose H as the second free func-
tion, which may be set to HΛCDM. The other functions
then form a closed system of coupled nonlinear differen-
tial equations. The remaining two MIII models, joined
with the Horndeski conditions, imply that Ω = 1 and
M¯1 = M¯2 = M¯3 = Mˆ = m2 = 0, where one con-
dition becomes obsolete in the latter combination. As
Ω is fixed, the Friedmann equations constrain two func-
tions in {Λ,Γ, H} with the second free function being
M2. If furthermore setting M2 = 0, this reduces to the
phenomenology of a quintessence model. The choice of
H = HΛCDM sets Γ = 0, which when M2 = 0 corre-
sponds to the EFT of the concordance model. The sce-
nario {Γ = 0,M2 6= 0} may, in principle, be realized
in k-essence. Note, however, that while the Lagrangian
densities in the Horndeski action can be identified which
yield the desired phenomenology, the reconstruction is
not unique as it is limited to quantities in the background
and linear perturbations and may yield somewhat con-
trived models.
Observational implications.— MI−III models provide
distinctive features to study in connection with tensions
between large and small scale observations, for instance,
reported by Planck in Ref. [18]. Moreover, an enhance-
ment of gravity on large scales with consequent reduc-
tion of the integrated Sachs-Wolfe effect may also allow a
larger contribution of gravitational waves in the low mul-
tipoles of the temperature anisotropy power spectrum.
While the models introduce novel and interesting devi-
ations in µ(a, k) and γ(a, k), MIII models, behaving as
GR on all linear quasistatic subhorizon scales and, in
addition, having the ability to mimic HΛCDM, pose new
challenges to the aim of discriminating between the con-
cordance model and more complex scenarios. The prob-
lem becomes apparent with the inclusion of M2, which
does not have any impact on the background equations
nor on the Newtonian linear perturbations. In these sce-
narios, limited constraints may be inferred from obser-
vations that test beyond the Newtonian regime such as
measurements of the low multipoles of the cosmic mi-
crowave background, which can be computed forMI−III
using an existing EFT implementation in a Boltzmann
linear theory solver [19]. Note, however, that the near-
horizon observations are weakened by cosmic variance,
which limits possible constraints on these deviations. A
novel observational method that may remedy this defi-
ciency is the multitracer proposal of Ref. [20]. By di-
4viding galaxies in a galaxy-redshift survey into differ-
ently biased samples, combining observations at different
modes, and cross correlating the data with weak gravi-
tational shear fields, one obtains a measurement of the
growth of matter density fluctuations that, in principle,
is free of cosmic variance. This idea has been applied
in Ref. [21] (also see Ref. [22]) to forecast constraints on
modified gravity and dark energy models using deviations
introduced in the relativistic contributions to galaxy clus-
tering. Thereby, large-scale modifications with high-k
suppression have been proposed and shown to provide
measurable signatures in future galaxy-redshift surveys.
The MI−III classes introduced here provide a thorough
theoretical motivation for the ad hoc phenomenological
modifications studied in Ref. [21].
Caveats.— Importantly, when constructing linearly
shielded models with the operator coefficients that re-
main free after applying combinations of α1−8 and op-
tionally, a matching of HΛCDM, the free coefficients
should be designed such that ghost and gradient insta-
bilities can be avoided, ensuring a positive kinetic term
and preventing imaginary sound speeds. Likewise, the
feasibility of linear cancellation should be ensured with
the applicability of the quasistatic subhorizon approx-
imation, implying a sufficiently large sound speed of
the dark energy contribution. Corresponding inequal-
ity conditions on the EFT functions can be inferred from
Refs. [1, 3]. Note that when relating the gi terms in µ
and γ to the operator coefficients, time derivatives in the
perturbed field equations were neglected prior to their
combination. Ref. [16] points out that a combination pre-
ceding this approximation may change expressions for the
high-k subdominant gi. Linear cancellation in MI−II is
unaffected, depending only on the dominant gi, whereas
α4, α5, α8, defining MIII, may change. However, the
conclusion that computations need to be performed be-
yond the quasistatic approximation to testMIII is unal-
tered. Furthermore, note that while the MI−III models
provide a mechanism for recovering GR on small linear
scales, in the limit of k → ∞, linear theory eventually
fails and nonlinearities need to be taken into account,
which may introduce new deviations from GR, particu-
larly for relativistic objects. The scalar degree of freedom
may, for instance, introduce modifications in the Solar
System, in the decay of the orbital periods in binary-
pulsar systems [23], or in the propagation of gravitational
waves from cosmological sources [24] (see Ref. [16]). In
general, however, the inclusion of nonlinear scales intro-
duces further EFT operators and increases the number
of free coefficients in the formalism. We expect that sim-
ilar conditions to α1−8 can be formulated for these extra
coefficients that ensure a recovery of GR on increasingly
nonlinear scales. Ultimately, those may allow the full
reconstruction of a corresponding scalar-tensor action in
an expansion series around the cosmological background.
Alternatively, linear cancellation may be invoked in non-
linearly shielded models to comply with observations of
the cosmic structure. Models that restore GR on linear
scales but allow deviations in the weakly nonlinear regime
may also be of interest [25]. In this context, we empha-
size that in Eq. (1) we have focused on terms with leading
scaling dimensions, dominating at low energies. By al-
lowing higher-order spatial derivatives on the perturbed
quantities in the action with increasing scaling dimen-
sions, we can obtain additional terms in µ and γ with
higher powers in k, imposing an extension to our classifi-
cation. However, those become important at increasingly
smaller scales, where we also expect our linear computa-
tions to fail, and, hence, have been neglected here. We
leave an exploration of implications of stability require-
ments on model building as well as effects of higher-order
derivatives and nonlinearities for future work.
Discussion.— The past few years have seen extensive
efforts in the development of a generalized framework for
describing the cosmological structure formed in modified
gravity and dark energy models. One such formalism is
the effective field theory of cosmic acceleration for gravity
theories with a single scalar field used here. We propose
a classification of the theory space in the EFT framework
by characterizing alternative models by their deviations
from the concordance model in the quasistatic subhorizon
linear perturbations and background evolution equations,
and according to their potential to recover ΛCDM phe-
nomenology. We identify three model classes that intro-
duce a cancellation of their gravitational modifications on
small linear scales. The EFT formalism also provides suf-
ficient freedom to impose a ΛCDM expansion history. In
particular, there exists a large model space that matches
ΛCDM phenomenology in all Newtonian linear perturba-
tions as well as in the background. Such models also exist
when restricting the theory space to operators introduced
in Horndeski scalar-tensor gravity. We emphasize that
whereas partially shielded models may be of interest to
address tensions between large and small scale observa-
tions, the potential of conventional cosmological probes
to distinguish the fully shielded scenarios from ΛCDM
is limited by cosmic variance. Hence, new observational
methods need to be developed to remedy this deficiency.
Clearly, those will have to account for the fully covari-
ant nature of the alternative theories. One such method
that may cast new insights on gravity and dark energy
in the near-horizon regime could be the measurement of
the relativistic contributions to galaxy clustering using
a multitracer analysis of galaxy-redshift surveys to can-
cel cosmic variance. This may improve constraints on
the theory space over what can be inferred from cosmic
microwave background data. We leave an exploration of
such constraints for future work.
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